I. INTRODUCTION
The demands for microwave dielectric resonators are rapidly rising as communication systems depend more and more on microwave technology. The three key requirements for a dielectric resonator are a high relative permittivity (⑀ r ) for possible miniaturization (because the size of a dielectric resonator ϰ 1/⑀ r 1/2 ), a high unloaded quality factor (Q ∼ 1/tan␦; tan␦: dielectric loss) for a stable resonant frequency, and a near-zero temperature coefficient of frequency ( f ) for temperature-stable circuits. Ceramics of Ba(BЈ 1/3 BЉ 2/3 )O 3 -for example, BЈ ‫ס‬ Mg and Zn, BЉ ‫ס‬ Ta-are important dielectrics for microwave communication systems because of their excellent high frequency properties. 1 These ceramics are commonly referred to as 1:2 complex perovskites. The longrange ordering and associated correlated displacements of the oxygen anions between the cation planes in these ceramics yields a trigonal structure with a {.. BЈ 2+ -BЉ 5+ -BЉ 5+ ..} repeat sequence along the 〈111〉 direction of the parent cubic perovskite cell, which is coincident with the c direction of the supercell. It is well recognized that the degree of B-site cation ordering is critical for optimizing the dielectric properties of Ba(BЈ 1/3 Ta 2/3 )O 3 ceramics. 2, 3 By inducing long-range cation ordering through extended high-temperature (ജ1400°C) sintering and long soaking time, the quality factor values of Ba(Zn 1/3 Ta 2/3 )O 3 and Ba(Mg 1/3 Ta 2/3 )O 3 ceramics can be increased from ∼500 to >35,000 at 10 GHz. [2] [3] [4] In studies of structure and dielectric loss properties of Ba(Zn 1/3 Ta 2/3 )O 3 and Ba(Mg 1/3 Ta 2/3 )O 3 , powder x-ray diffraction methods are utilized to investigate the variation of the B-site cations with the firing conditions (annealing temperature and time). 2, 3, 5 The "degree of order" has been gauged through an order parameter (S), where S ‫ס‬ [(I 100 / I 110,012 ) obs /(I 100 /I 110,012 ) calc ] 1/2 ; (I 100 /I 110,012 ) obs is the ratio of the observed intensity of the (100) superstructure reflection to the corresponding ratio calculated for a fully ordered structure using published structural data. 6 Tamura et al. 7 reported that the long range annealing time of Ba(Zn 1/3 Ta 2/3 )O 3 , required to access a high-Q state, could be overcome through minor additions of BaZrO 3 , typically less than 5 mol%, which dramatically reduced the annealing time to less than 10 h. For the substitution of BaZrO 3 up to approximately 4 mol%, the Q values increased from 10,000 to 15,000 at 7 GHz; however it gradually decreased to 10,000 for 25% addition of BaZrO 3 and then degraded more rapidly for higher concentrations. It was also noted that substitution accelerated the "crystallization" of the perovskite structure, and the low-BaZrO 3 -doped samples yielded high-Q ceramics after very short annealing time (4 h at 1500°C). However, the most surprising result, particularly in light of the well-documented improvement of Q with increased cation order in the Zr-free tantalates, was that the x-ray lines associated with the long-range ordering had disappeared in the 4% BaZrO 3 high-Q samples. However, the origins of the improved Qs, the decrease in time required to reach high Q, and the observation of an apparently disordered distribution of B-site cations at a very small level of BaZrO 3 substitution remain unexplained. Furthermore, the formation of a high-Q ceramic with a random cation distribution seems to contradict the experimental and theoretical studies of the undoped tantalate systems. Despite their importance, no detailed investigation of the ordered domain structure of the Zr or other ion-substituted perovskites has been made.
In a previous study, 8 . The materials were weighed in the appropriate molar ratio and mixed by grinding with ZrO 2 balls in ethanol media for 24 h. The slurry was dried in a rotary evaporator (Heidolph 2011, Germany). After grinding and sieving, the powders were calcined at 1100°C for 3 h in air and then mixed with the polyvinyl alcohol (PVA) binder. The mixed powders were uniaxially pressed into pellets under a pressure of 100 MPa and were ∼9 mm in diameter and ∼5 mm in height. The pellets were then cold isostatic pressed (CIP) at the pressure of 200 MPa. The pellets were sintered at 1650°C for 9 h. The bulk densities of sintered specimens were meas-ured by the Archimedes method. The theoretical densities of Ba[Mg 1/3 (Nb x/4 Ta (4−x)/4 ) 2/3 ]O 3 ceramics at various Nb substitution contents were calculated according to the phase proportion of barium magnesium tantalum oxide (BMT) and barium magnesium niobium oxide (BMN). The theoretical densities of BMT and BMN are 7.657 and 6.236 g/cm 3 , respectively. Thin foils for transmission electron microscopy (TEM) investigations were prepared by mechanically grinding the ceramic pellets to a thickness of 20-30 m. The samples were mounted on copper aperture grids, and final thinning was conducted via argon-ion milling (Gatan Model 600 Dual Ion Mill, Pleasanton, CA). Electron diffraction and high-resolution electron microscopy (HREM) were performed at 200 kV (TEM JEOL 3010, Tokyo, Japan and Hitachi Model HF-2000, Tokyo, Japan). The dielectric loss tangent (∼1/Q) was measured in a cylindrical resonator cavity of copper, using the TE 011 mode. An HP Network Analyzer (Model 8722A, Palo Alto, CA) was used to measure the loss tangent. Fig. 1(e) only shows the fundamental diffraction reflections, without extra diffraction spots being detected. Kolodiazhnyi et al. 9 and Kim et al. 10 reported that the superlattice reflection of 1:2 ordering existed in BMT and BMN ceramics. When the Ta atoms were replaced by the Nb atoms, the 1:2 ordering could still be maintained in spite of the Nb substitution content. In the research into the Ba(Zn 1/3 Ta 2/3 )O 3 -BaZrO 3 11 and Ba(Mg 1/3 Nb 2/3 )O 3 -BaZrO 3 12 series, small BaZrO 3 substitution content (∼5 mol %) could introduce the ordering transformation from 1:2 to 1:1 ordering. The ordering transformation was suggested to be related to the degeneracy of the quality factor. The maintaining of 1:2 ordering in BMNT series ceramics was due to the similar ionic radius between Nb and Ta atom. Figure 2 shows TEM micrographs of BMNT ceramics. Figures 2(a) and 2(b) indicate the bright-and dark-field micrographs of the BMN 1 T 3 specimen, respectively. It is suggested that the grain of BMN 1 T 3 crystal was composed of subgrains, as shown in Figs. 2(a) and 2(b) . The dark-field micrograph of the BMN 1 T 3 specimen taken with a superlattice reflection indicates that the crystal grain is composed of two subgrains. The upper bright area corresponds to the 1:2 ordering structure, but the lower dark area corresponds to another domain structure. Simultaneously, the curved interfaces (indicated by the arrowhead) are also found in the upper domain. The curved interfaces between the domains show ␣-fringe contrast, indicating that they are antiphase domain boundaries (APBs) across which there is a displacement.
(The interface produces a change in phase factor, ␣ ‫ס‬ 2gR where g is the reciprocal lattice vector of the operating reflection, and R is the displacement across the interface.) The fringes of these interfaces are symmetrical in both bright-and dark-field, indicating that ␣ ‫ס‬ . Fig. 2(b) is wider than that in Fig. 2(d) . As a result, these two types of APBs can be observed in all BMNT specimens.
As mentioned above, it is found that the antiphase domain boundaries are located in the grain with 1:2 ordering structure. To further understand the ordering structure of the BMNT sample, the observation of lattice images by high-resolution electron microscope is necessary. Figure 3 shows the TEM micrograph of the BMN 3 T 1 specimen, and the APB fringes are indicated by white arrowheads. The regions marked as a, b, c, and d were further investigated by energy dispersive spectroscopy (EDS) analysis, and the composite atomic contents of the marked regions are listed in Table II . The a and b regions individually indicate the site on the APB and in the grain. The c and d regions both indicate the sites around the APBs. In addition to the slight reduction of magnesium atom content in the b and c regions, there is no obvious composition variation in these regions. As a result, the BMN 1 T 3 is a thoroughly solid solution, and the composition of regions near the APB has no obvious variation. Figure 4 shows the selected area electron diffraction pattern and lattice image of BMN 2 T 2 grain with no ordering structure. The electron diffraction pattern with [110] zone reveals only the fundamental diffraction reflections, as indicated in Fig. 4(a) . It is suggested that the APBs exist only in the grains with an ordering structure, so grains with no APBs have no ordering structure. Figure 4(b) shows the typical lattice image of BMNT ceramic with no ordering structure (or fundamental structure), and the lattice modulation in the [111] direction is indicated as 0.41 nm.
Figures 5(a) and 5(b) show lattice images of the BMN 3 T 1 specimen with a widespread area and specific magnification of the domain boundary area, respectively. In Fig. 5(a) , the full lattice region is obviously composed [15] [16] [17] the domain of 0.71-nm superlattice modulation can be indicated as the 1:2 ordering structure. Furthermore, the observation in the interface between the fundamental and the 1:2 ordering structure is more noticeable. The domain boundary between 1:2 ordering and fundamental structure indicates there is no good coherent contact. As mentioned by Wersing, 18 the dielectric loss is mainly caused by microwave absorption, and the authors distinguish the dielectric loss mechanism into three parts: (i) loss in perfect (ideal) crystals because of anharmonic lattice forces, which mediate interaction between in the crystal's phonons; (ii) loss in real but homogeneous crystals or crystallites caused by periodicity defects; and (iii) loss in real inhomogeneous ceramics caused by extended dislocations, grain boundaries, pores, inclusions, and second phases. As a result, the incoherent domain boundary between the 1:2 ordering and fundamental structure may be one of the factors that introduces the dielectric loss.
In addition to the interface between 1:2 ordering and fundamental structure, there is another typical interface that exists in the BMNT ceramics, as indicated in the lattice image of the BMN 2 T 2 specimen in Fig. 6 , which shows the lattice image of the interface between two l:2 ordering domains. It is clearly seen that the two 1:2 ordering structures seem to form a coherent lattice interface along the [110] direction. This TEM observation result is analogous with the research of ordered domains and boundary structure in Ba(Cd 1/3 Ta 2/3 )O 3 dielectrics. 15 The two l:2 ordering domains have a twinned relationship, and the twin boundary is along the [110] direction. It is also apparent that the twin domain boundaries are not always strict along the specific [110] direction, and local side steps are often observed at the boundaries. Except for the existence of the 1:2 ordering structure, it is suggested that the formation of the coherent interface can also effectively reduce the dielectric loss. Except for the high dielectric loss series such as BMN 2 T 2 and BMN 3 T 1 , we must remember that the two typical domain interfaces may also simultaneously exist in all BMNT ceramics. Fig. 7(a) ] shows that the full grains are composed of four 1:2 ordering domains, and the domains are obviously separated by the curved shape of the antiphase domain boundaries, as indicated by the arrowheads. Figure 7(b) shows the high magnification lattice image of the rectangular region marked in Fig. 7(a) , and the lattice arrangement on the curved shape APB between the two 1:2 ordering structure is clearly revealed. It is noticed that there is an extra ordering structure on the APB. The extra ordering lattice modulation has a longer periodicity of 1.24 nm than the two principal domains of 1:2 ordering lattice modulations on both the side regions. In research into the ordering structure of lanthanum-doped barium magnesium niobate ceramics, 14 it was found that 1:1 and 1:2 ordered domains not only coexisted in a single grain, but also in the intermediate phase, whose structure had a superlattice modulation of 1.42 nm. Meanwhile, this study also indicated that the 1:2 ordered domains gradually transformed to 1:1 ordered structure through the formation of an intermediate superlattice structure. It is worth noting that the new superlattice modulation 1.24 nm is very close to the triple fundamental cubic perovskite cell (lattice constant of ∼0.41 nm), 1.24 nm ∼ 0.41 nm × 3, so it is suggested that the new superlattice structure may be related to the fundamental cubic perovskite cell. In the study by Davies et al., 11 the authors supposed that the low losses of the low-BaZrO 3 -doped Ba(Zn 1/3 Ta 2/3 )O 3 ceramic are due to the stabilization of the ordering-inducing domain boundaries via the partial segregation of the Zr cations. As a result, it is concluded that the existence of a new extra superlattice structure on the APBs provides a more detailed explanation for the elevated quality factor of the In the BMNT ceramics, it is suggested that the domain boundary plays an important role in the dielectric loss. Aside from the domain boundary, the other structure defects also need to be considered. Figure 8 shows TEM bright-field images of BMN. In Fig. 8(a) , it is showed that there are two set dislocations in the BMN grain and that they intersect with each other. In Fig. 8(b) , the typical small angle grain boundary of the comb-shape fringe is obviously observed in the BMN ceramic. As a result, the formation of dislocations and small angle boundary can be seen as one of the influence factors in the dielectric loss. However, the TEM defect observation of BMNT ceramics is still in need of further detailed investigation. ceramic, the formation of an extra ordering structure (lattice modulation of 1.24 nm) on the APB with the proper Nb substitution contributes to lower dielectric loss due to the stabilization of the domain boundary. Therefore, it is suggested that the relationship between the ordered structure and domain boundary has an important influence on dielectric loss. Futhermore, the typical dislocations and small angle grain boundary of the comb shape fringe are also observed in the Ba(Mg 1/3 Nb 2/3 )O 3 (x ‫ס‬ 4) ceramic. The presence of dislocations and small angle grain boundary may have an influence on the dielectric loss, and more detailed TEM defect observation is still needed.
IV. CONCLUSIONS

